Abstract The vicinage effects are studied for a fast nitrogen diatomic molecular cluster in a high-density plasma target. A variety of plasma parameters are discussed with regard to stopping power ratio, molecular axis deflection and Coulomb explosion. Emphasis is placed on the vicinage effects on Coulomb explosion and stopping power for a nitrogen cluster in plasmas. The results indicate that vicinage effects influence the correlation between ions in the cluster, and the Coulomb explosion will proceed faster with higher projectile speed, lower plasma density and higher plasma temperature. Comparing hydrogen and nitrogen molecular ions for Coulomb explosion and deflection angle under the same set of parameters, one can find that the nitrogen ion has faster Coulomb explosion and stronger deflection of molecular axis due to the contribution of charge. In the initial stage of the Coulomb explosion the stopping power ratio has a higher value due to enhanced vicinage effects while in the later stage the stopping power ratio approaches one, indicating that the vicinage effects disappear and the ions in the cluster simply behave as independent atomic ions in the plasma.
Introduction
Using intense particle beams to heat plasma has become a very important method in fusion research due to their advantages of high-energy concentrations and fast repetition rates [1−3] . In particular, recent accelerator techniques can generate fast and heavy clusters [4] . Hence, energetic cluster-ion beams (CIB) have become a promising tool to explore the feasibility of approaching fusion conditions because they have lower beam current density, weaker beam focusing and a smaller area of energy deposition. Consequently, studies of the interaction between CIB and plasma have attracted growing interest. In addition, according to estimates, the interference effect resulting from the spatial correlation among the constituent particles in the cluster, which is so-called vicinage effect, may be relevant to account for the energy deposition by available high-intensity ion beams or by cluster impact on dense plasmas [5−7] .
Actually, present theoretical studies mainly focus on the stopping of atomic ions, while studies of molecular ions or clusters are relative scarce. In fact, the stopping of a cluster is more complicated than the stopping of atomic ions. When an energetic cluster enters a plasma, it will be quickly stripped of its valence electrons, which is accompanied by a simultaneous processes of Coulomb explosion and energy deposition in plasma. In our previous work, a hydrogen molecule in plasma was studied [8] . However, the Coulomb explosion will be expected to be different due to the vicinage effects caused by the charge. Choosing multi-electron atoms, such as nitrogen, may illustrate the novel use of the method of Ref. [9] to determine the effective charge density of the constituent of nitrogen molecule. Compared with a large cluster, the molecular axis of a diatomic molecule will deflect during the course of a Coulomb explosion caused by the wake effect; therefore, it is easy to show the influence of vicinage effects. On the other hand, the laser effect was also considered for large cluster, such as C 60 , and relevant work could be found in Refs. [10, 11] .
In this paper, we study the vicinage effects in the interaction between a nitrogen molecular cluster and a dense plasma target. We will show how the correlation between particles in the cluster is influenced by the * supported by National Natural Science Foundation of China (Nos. Coulomb explosion and stopping power in the clusterplasma interaction.
Vicinage effects in Coulomb explosion
Let us consider a fast N + 2 molecular cluster moving along the z axis, whose projectile velocity is v, with plasma target density n 0 and electron temperature T . Using Vlasov-Poisson theory, we can obtain the potential between the two ions as follows [12] :
2 is a cutoff wave number, which can avoid the divergence of the integral due to the wrong treatment of the short-range interactions between the projectile and the electrons in plasma. ρ η is the bound-electron charge density for a heavy ion in classical plasma [12, 13] :
with η = 2 9
2 3π 
/m e are the electron Debye screening length, electron thermal speed and plasma frequency, respectively. ε(k, ω) shown in the interaction potential is the longitudinal dielectric function of the classical electron plasma, and can be expressed by:
Fig . 1 shows the potential U/U 0 dependent on the longitudinal distance z/λ D under several projectile speeds V =1.5 v T , 2v T , 3v T for a diatomic molecular cluster traveling in a plasma target. The transversal distance, ρ = λ D , and the plasma parameters are set at n = 10 22 cm −3 and T = 2 eV, respectively. It is shown that the amplitude of the oscillating potential becomes larger for higher projectile velocity v. Generally speaking, the potential is rather asymmetric due to the wake effects, which can reflect the oscillatory spatial pattern of the plasma response. Fig.1 The interaction potential U as a function of the longitudinal distance z/λD for a two-ion cluster with velocity v = 1.5vT, 2vT and 3vT moving in the transversal distance ρ = λD, through a plasma with n0 = 10 22 cm
and Te = 2 eV. Here, U0 = (Z1e
The equation of motion for the jth ion of the cluster in the center of mass (CM) frame of reference can be obtained as follows, with the assumption that the changes of inter-ionic distances are adiabatic:
From the inter-ionic interaction potential U jl (r jl , v), we can get the self-stopping forces and the interaction forces, respectively, as follows
Since the cluster moves along the z axis, the selfstopping force F s j = F s (v)e z can be written as follows
Assuming that all of ion charges do not change and keep constant during the whole course of the Coulomb explosion, it is easy to find that the evolution of the cluster structure cannot be influenced by the self-stopping forces. We have solved the equations of motion (5) 
o . Fig. 2 shows the change of internuclear distance r as a function of time for a N + 2 cluster moving in a plasma target for the variation of (a) projectile speed v T , 2v T , 3v T , (b) plasma density n 0 = 10 22 cm −3 , 2 × 10 22 cm −3 , 3 × 10 22 cm −3 and (c) plasma temperature T = 1 eV, 2 eV, 3 eV. It is found that the distance increases with time, which indicates that the cluster experiences a Coulomb explosion. All the curves are similar in the beginning period of the Coulomb explosion since the Debye length and wavelength of the wake of oscillation are so large that the explosion is practically completed under the action of bare Coulomb force. The collective plasma effects become obvious only when the explosion has entered a ballistic regime in the late stages. Furthermore, we draw Fig. 3 to show the effect of different cluster. The initial parameters are set as v = v T , n 0 = 10 22 cm −3 , T = 1 eV and θ 0 = 75 o . One can see that the Coulomb explosion of the nitrogen molecular ion proceeds faster than that of the hydrogen molecular ion. This is easy to understand because the nitrogen molecular ion has a higher charge; on the other hand, nitrogen is heavier than hydrogen, and the contribution of electrons cannot be ignored. One can see that, due to the asymmetry of the interaction potential caused by wake effect, the molecular axis tends to align itself along the beam direction. Generally speaking, the tilting of the axis is stronger in dense and cold plasma; that is, for shorter Debye lengths. and T = 1 eV. One can see that the deflection angle of nitrogen falls faster than that of hydrogen due to the charge and contribution of electrons for the same parameters.
Vicinage effects in stopping power
By using Eq. (5), the expression of the stopping power for the ion cluster can be obtained as follows:
where
(r jl , v) are the self stopping power and vicinage stop- ping power, respectively. Self stopping is the contribution from the individual self-stopping forces, while vicinage stopping caused by the interferences of the spatial correlation among constituent ions. In the following discussion, we introduce the stopping ratio,
, to show the contribution of vicinage effects. Fig. 6(a)-(c) show that the variation of stopping power ratio R is dependent on the projectile velocities, plasma densities and plasma temperatures. It is shown that, in the initial stages of Coulomb explosion, the molecular stopping power is significantly enhanced due to vicinage effects by comparison with the situation of two independent nitrogen atoms. Moreover, such an enhancement is greater for faster projectiles, lower plasma densities, and higher electron temperatures. In addition, the stopping power ratio approaches one for prolonged penetration time, showing that when the two ions are far away enough, the vicinage effects will disappear so that they behave as two completely independent atomic ions. Fig. 2(a) to (c) 
Summary
The molecular dynamic is used to study the vicinage effects in a Coulomb explosion and the stopping power for a nitrogen molecular cluster mowing in dense plasma. The simulation results show that vicinage effects influence the correlations between ions in cluster in both Coulomb explosion and stopping power. Projectile speed and plasma parameters play a very important role in the interaction and, generally speaking, the stopping power is enhanced for faster projectile speeds, lower plasma densities, and higher plasma temperatures. On the other hand, the tilting of the molecular axis along the motion direction is stronger in dense and cold plasma. By comparing nitrogen and hydrogen molecular ions, it is found that nitrogen has a faster Coulomb explosion and stronger molecular deflection under the same parameters due to the contribution of charge for different molecular ions. In addition, the stopping power ratio has a higher value in the initial stage of Coulomb explosion due to enhanced vicinage effects, while in the later stage the stopping power ratio approaches one, indicating that the vicinage effects disappear and that the ions in the cluster simply behave as independent atomic ions in the plasma.
